Pseudomonas aeruginosa is a good environmental microorganism capable of degrading decabromodiphenyl ether . This paper studied the effect of Cu 2+ and humic acid (HA) extracted from e-waste contaminated soils on biodegradation of BDE-209
, but exhibited the best effect at the condition of 40 mg L −1 Cu 2+ + 3 g L −1 HA. At the condition of 40 mg L −1 Cu 2+ + 3 g L −1 HA, 97.35 ± 2.33% of the initial BDE-209 was degraded after 5 days, debromination efficiency was 72.14 ± 1.89%, crude enzyme activity reached the maximum of 0.519 ± 0.022U g −1 protein, cell surface of P. aeruginosa was smooth with normal short-rod shapes, and biodegradation pathway mainly include debromination, hydroxylation, and cleavage of the diphenyl ether bond. It was suggested that soil HA could eliminate the toxic effect of high Cu 2+ concentrations and biodegradation of was improved by synergistic effect of HA and Cu
2+
.
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| INTRODUCTION
Electronic waste (e-waste) is becoming one of the fastest growing components of municipal solid waste in today's world (Kim et al., 2015) . It often contains significant quantities of heavy metals (eg, Cu and Pb), reusable precious metals (eg, Au and Ag), and nonmetallic components consisting of brominated flame retardants, resins, ceramics, and plastics (Natarajan, Ting, & Routti, 2015) . Over the past 20 years, recycling of e-waste (especially informal sector recycling) has caused serious environmental problems and received enormous attention globally, especially in developing countries (Chi, Wang, & Reuter, 2014; Fu et al., 2008; Song, Li, & Rout, 2015) .
China is the most affected country by informal e-waste recycling (Zeng, Xu, Boezen, & Huo, 2016) . Research in China has shown that the informal e-waste recycling processes release significant amounts of polybrominated diphenyl ethers (PBDEs), in which decabromodiphenyl ether (BDE-209) is generally predominant .
For instance, Nie et al. investigated the levels of 21 kinds of PBDEs from soil samples surrounding the e-waste burning site in Qingyuan, China. Average concentrations of PBDEs were 2,283 ng g −1 dw, with values ranging from 5.27 to 22,110 ng g −1 dw, while the concentrations of BDE-209 ranged from 4.40 to 21,467 ng g −1 dw with an average of 2,162 ng g −1 dw (Nie et al., 2015) . BDE-209, toxic to microorganisms, animals, and humans, is a persistent compound and has accumulated in a diversity of environmental matrices. So far, can be degraded by different methods, such as reductive degradation, oxidative degradation, and ultraviolet photolysis.
Microbial biodegradation has the advantage of being low cost and environment friendly. Pseudomonas aeruginosa, capable of degrading BDE-209, has great potential for bioremediation application in e-waste-contaminated soils. For example, Shi et al. used P. aeru- ginosa to degrade BDE-209 and the results showed excellent effect (Shi et al., 2013 (Xu, Wang, & Letcher, 2014) . In China, Cu 2+ is also found in high concentrations in e-waste-contaminated soils, such as Guiyu (Cu 2+ :
787.7 mg kg −1 ), Taizhou (Cu 2+ : 158.1 mg kg −1 ) (Song, Li, & Hu, 2014) .
So, if the strain P. aeruginosa is applied, its ability to degrade BDE-209 is most likely to be inhibited. Humic acid (HA) is ubiquitous in the soil as the critical component of natural organic matter (Vidali, Remoundaki, & Tsezos, 2010) . With abundant polar functional groups (eg, -COOH and -OH), soil HA exhibits intensive adsorption ability toward heavy metal ions (Sounthararajah, Loganathan, Kandasamy, & Vigneswaran, 2015) . Up to now, the effect of copper ion and soil HA on biodegradation of BDE-209 by P. aeruginosa has never been reported.
The main objective of the present work was to study the effect of Cu 2+ and HA extracted from e-waste-contaminated soils on biodegradation of BDE-209 by P. aeruginosa, principally focusing on the degradation efficiency, debromination efficiency, crude enzyme activity, and possible biodegradation pathway. The sorption capacity of Cu 2+ on HA was also investigated. 
| MATERIALS AND METHODS

| Chemicals
| Strain and cultivation conditions
Sludge samples were collected from PBDEs-contaminated sites in China.
Enrichment was carried out by cultivating the samples in mineral salt medium (MSM) (Tang et al., 2016) were mixed with 200 mg NaNO 3 in 50 ml polyethylene centrifuge tubes. The ionic strength of the solution was controlled by adding NaNO 3 . The mixtures were shaken in a thermostat shaker at 150 rpm and 25 ± 1°C for 24 hr. The suspensions were separated by centrifugation at 5,000 rpm for 20 min, and then filtered through 0.45-μm filters. Finally, the Cu 2+ concentrations in the supernatants were determined by an acetylene-air flame atomic absorption spectrophotometer (AA-6800, Shimadzu Co. Ltd, Japan). The amounts of adsorbed Cu 2+ were calculated by the mass balance Equation (1) (Huang et al., 2014) . The adsorption isotherm data were fitted with the Langmuir model and Freundlich model. The Langmuir adsorption isotherm was expressed as the Equation (2), and the Freundlich adsorption isotherm was explained by the Equation (3) (Khalili, Al-Banna, & Yu, 2015) :
where q e (mg g −1
) is the amount of Cu 2+ adsorbed at equilibrium, C 0
and C e (mg L −1
) are the initial and the equilibrium Cu 2+ concentrations,
is the volume of the solution, m (g) was the mass of the adsorbent,
) are Langmuir constants related to the maximum adsorption capacity and energy or intensity of adsorption,
) and 1/n are the Freundlich constants representing the adsorption capacity and the adsorption intensity or heterogeneity of adsorbent, respectively. 
| Biodegradation
| Effect of Cu
2+ and HA on the growth of
P. aeruginosa
Batch experiments were conducted by adding 0-1 ml Cu(NO 3 ) 2 solu-
) and 450, 900 mg HA into the biodegradation system of BDE-209, and the final concentrations of Cu 2+ and HA were set as
HA. In order to assess the effect of Cu 2+ and HA on the growth of P. aeruginosa, OD 600 values were observed at 0-80 mg L −1 Cu 
| Effect of Cu
| Extraction of crude enzyme
One gram P. aeruginosa cells were placed in a 50 ml centrifuge tube, suspended in the ice-cold 12 ml NaH 2 PO 4 -Na 2 HPO 4 buffer
, pH = 9.0), were subjected to 100 rounds of sonication in an ice water bath for 3 s followed by cooling for 6 s (the time of 10 rounds was 1 min). The debris was removed by centrifugation at 11,400 g for 10 min. The supernatant was filtered with 0.22 μm pore-size filters and the filtrate was crude enzyme. The protein was measured by Bradford method at 595 nm by UV-Vis spectrophotometer using bovine serum albumin as a standard (Bradford, 1976) .
| Biodegradation system of BDE-209 by crude enzyme
Batch biodegradation tests were performed in triplicate in 250 ml
Erlenmeyer flasks. In each case, 150 ml NaH 2 PO 4 -Na 2 One unit (U) of crude enzyme activity was defined as the amount of the enzyme catalyzing the degradation of 1 μmol BDE-209 per min at 35°C. The crude enzyme activity was calculated as U g −1 protein.
| Scanning electron microscope (SEM) observation
Surface morphology of P. aeruginosa was observed under a ZEISS-EVO18 scanning electron microscope (Carl Zeiss NTS, Germany), the cells in the biodegradation system containing 0-80 mg L −1 Cu
HA were prepared and fixed with 2.5% glutaraldehyde in phosphate-buffered solution (PBS) for 4 hr, then washed separately four times with PBS, postfixed with 1% osmium tetroxide for 1 hr, and rinsed again with deionized water, dehydrated using a gradient series of water-ethanol solutions (30%, 50%, 70%, 80%, 90%, and 100%) two times for 60 min each. Finally, the specimens were mounted on metal stubs and stored in a desiccator for 36 hr, and sputter-coated with a gold layer. The SEM observation was done under the following conditions: Extra high tension (EHT) = 20.00 kV, Working distance (WD) = 14.0 mm, Signal A = SE1.
| Extraction and analytical methods
At each sampling time, all samples were extracted (1:1, v/v) with toluene in a separating funnel by vigorously shaking for 15 min and allowed to set until phase separation. A surrogate standard
( 13 C-BDE-209) for recovery estimation was spiked prior to extraction. Then, the organic phase was collected and dried with anhydrous sodium sulfate. The aqueous phase was extracted again as described above. The combined organic phases were concentrated under reduced pressure at 40°C. After being evaporated to approximately 5 ml, 13 C-PCB-141 was added as the internal standard before gas chromatography-mass spectrometer (GC-MS)
analyses.
The quantification of BDE-209 and the lower brominated PBDEs were analyzed using 7890-5975c GC-MS (Agilent, USA)
equipped with a DB-5 MS column (60 m × 0.25 mm × 0.25 μm).
Helium was used as the carrier gas at a flow rate of 1 ml min −1 . The . The column temperature was maintained at 30°C, and the sample injection volume was 20 μl.
| Quality assurance and quality control
A procedural blank and a duplicated sample were run with each batch of 10 samples to assess potential sample contamination and the repeatability of the analysis. The surrogate recoveries for 
| Statistical analysis
In this study, all experiments were performed in triplicate flasks to get reliable data, and the results presented were the mean values of the three replicates. The standard deviations for measurements ranged from 1.0% to 5.0%.
| RESULTS
| Adsorption isotherms of Cu 2+ on HA
The adsorption isotherms of Cu 2+ on HA at pH 7.0 are presented in Figure 1 , and the adsorption isotherm parameters of the Langmuir 
| Effect of Cu 2+ and HA on the growth of
P. aeruginosa
The effect of Cu 2+ and HA on the growth of P. aeruginosa is shown in HA exhibited the highest degradation efficiency (97.35 ± 2.33%). ).
| Effect of Cu
| Effect of Cu 2+ and HA on the crude enzyme activity of P. aeruginosa
It is well known that crude enzyme is intracellular enzyme mixtures, and it contains BDE-209 degradation enzyme which plays a key role in biodegradation by P. aeruginosa (Shi et al., 2013) . So far, we can- . After adding HA, the growth of P. aeruginosa and the biodegradation of BDE-209 were maximally stimulated at the concentrations of 40 mg L −1 Cu 2+ + 3 g L −1 HA. In order to deeply understand the differences of P. aeruginosa under the above-mentioned conditions, cell surface morphology was observed. The SEM micrographs of P. aeruginosa under different conditions are presented in Figure 6 .
Cell surface of P. aeruginosa was smooth with short-rod shapes in a-1 and a-2, while rough and irregular in a-3, a-4, and a-5. These deformations were attributed to the toxic effect of high Cu 2+ concentrations.
By comparing a-3 and a-4 with b-3 and b-4, it was found that cell surface of P. aeruginosa became smooth with short-rod shapes by add- Table 2 . Based on these identified intermediates, one of the possible pathway was proposed in Figure 7 . BDE-209 was initially debrominated to generate BDE-153
(1), which was further debrominated and underwent hydroxylation reaction to give BDE-28 (2) and 2,2′,3′-trihydroxy-4,4′-dibromodiphen yl ether (3). Afterward, cleavage and ring-opening reaction took place, yielding 2-hydroxy-4-bromo-adipic acid (4), 3-bromocatechol (5), and 3-oxo-4-bromo-adipic acid (6). Finally, they were mineralized to produce carbon dioxide and water.
| DISCUSSION
It is well known that Cu 2+ is an important micronutrient for microorganism growth and metabolism. But, Cu 2+ has a very narrow optimum concentration range, above which it is toxic to microorganism (Kim, Nevitt, & Thiele, 2008; Tremaroli et al., 2010) . Furthermore, Cu 2+ can obviously influence the microbial degradation of BDE-209 (Xu et al., 2014) . Here, we showed that P. aeruginosa growth and the biodegradation of BDE-209 by P. aeruginosa were accelerated when exposed to 5 mg L −1 Cu 2+ but strongly inhibited when exposed to above 5 mg L −1 Cu 2+ . This was also confirmed by the variation in the morphology of P. aeruginosa (Figure 6a-1-5 ). This phenomenon is probably because Cu 2+ is the cofactor of key enzymes involved in multiple cell activities (Arredondo, Nunez, & Gabrielsen, 2005) (Gaetke, 2003 HA exhibited no better effect than 3 g L −1 HA. This is probably because HA can also absorb onto the bacterial surface (Wightman & Fein, 2001 ), leading to competitive adsorption between HA and BDE-209.
Earlier study revealed that the biodegradation pathway of BDE-209 by degrading bacteria mainly include debromination, hydroxylation, and cleavage of the diphenyl ether bond (Lu et al., 2013; Wang et al., 2016) . Herein, in the simultaneous presence of 40 mg L −1 Cu ).
